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In Brief
This study reveals a function of PTEN tu-
mor suppressor in global transcriptional
regulation through control of chromatin re-
modeling. Chen et al. demonstrate that
PTEN physically associates with histone
H1 to maintain a condensed chromatin
structure, manifested by chromatin occu-
pancyof linker histoneH1andbyhypoace-
tylationofhistoneH4, leading to repression
of overall gene activity. Loss of PTEN or its
C terminus triggers a positive feedback
regulatory loop between H4K16 hyperace-
tylation and impairment of PTEN-H1 inter-
action to facilitate abnormal chromatin de-
condensation and gene activation.
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Chromatin organization and dynamics are integral
to global gene transcription. Histone modification
influences chromatin status and gene expression.
PTEN plays multiple roles in tumor suppression,
development, and metabolism. Here, we report on
the interplay of PTEN, histone H1, and chromatin.
We show that loss of PTEN leads to dissociation of
histone H1 from chromatin and decondensation of
chromatin. PTEN deletion also results in elevation
of histone H4 acetylation at lysine 16, an epigenetic
marker for chromatin activation. We found that
PTEN and histone H1 physically interact through
their C-terminal domains. Disruption of the PTEN C
terminus promotes the chromatin association of
MOF acetyltransferase and induces H4K16 acetyla-
tion. Hyperacetylation of H4K16 impairs the associ-
ation of PTEN with histone H1, which constitutes
regulatory feedback that may reduce chromatin sta-
bility. Our results demonstrate that PTEN controls
chromatin condensation, thus influencing gene
expression. We propose that PTEN regulates global
gene transcription profiling through histones and
chromatin remodeling.INTRODUCTION
Understanding of PTEN function has undergone explosive
growth in the last decade, commensurate with the broad spec-
trum of activity and importance of this molecule to the cell. The
extent and complexity of our knowledge regarding PTEN con-
tinues to increase, and it is likely that there are more PTEN func-
tions awaiting characterization. PTEN suppresses tumorigenesis
bymultiple mechanisms and is therefore recognized as a power-
ful tumor suppressor (Freeman et al., 2003; Li et al., 1997; Mae-
hama andDixon, 1998;Myers et al., 1998). PTEN is also essential
for development, as homologous deletion causes embryonic
lethality in mice (Di Cristofano et al., 1998; Suzuki et al., 1998).Cell ReOne of the canonical functions of PTEN is regulation of the
phosphatidylinositol 3-kinase/AKT pathway via lipid phospha-
tase activity (Cantley and Neel, 1999; Maehama and Dixon,
1998; Myers et al., 1998). PTEN also possesses phosphatase-in-
dependent functions in the nucleus, which are often mediated
through protein-protein interactions (Baker, 2007; Li et al.,
2006a; Shen et al., 2007; Song et al., 2011). Chromatin organiza-
tion plays a critical role in gene regulation, and PTEN is known to
have significant regulatory function in the nucleus. However,
there have been limited studies to date that have examined
PTEN as a potential modulator of chromatin structure and his-
tone modification.
Accumulating evidence suggests that PTEN status influ-
ences gene expression. Microarray studies have revealed global
changes in gene transcription profiles following PTEN depletion
(Carver et al., 2011; Li et al., 2006b; Mulholland et al., 2012;
Vivanco et al., 2007) or overexpression (Hong et al., 2000; Mat-
sushima-Nishiu et al., 2001). However, the mechanism by which
PTEN regulates gene transcription and expression profiles re-
mains elusive. Transcriptional activation is associated with
opening of the chromatin structure, including the higher-order
chromatin structure (Berger, 2007). Therefore, it is possible
that PTEN may play a role in chromatin remodeling and gene
regulation.
Chromatin, together with its associated linker histones, is a
highly condensed structure that allows compaction of the
genome into the nucleus of the cell (Gilbert et al., 2004). This
condensation also serves to suppress physiological activities
dependent on access to DNA strands, such as transcription
(Narlikar et al., 2002). Histone H1 is one of the key structural
components of chromatin and is involved in the organization
and stabilization of higher-order condensed chromatin structure
(Bednar et al., 1998). Histone H1 binds to nucleosomes and
shows a dynamic binding affinity for chromatin (Misteli et al.,
2000), which allows modulation of chromatin architecture and
the transcriptional regulation of target genes. Based on studies
inDrosophila, Tetrahymena, and other model organisms, histone
H1 is generally a transcriptional repressor (Ura et al., 1997).
Recent work inmouse embryonic stem cells showed that histone
H1 can promote gene silencing by regulating DNA methylation
and histone H3 methylation (Yang et al., 2013). Histone H1 is
necessary for repression of pluripotency genes, and its depletionports 8, 2003–2014, September 25, 2014 ª2014 The Authors 2003
impairs embryonic stem cell differentiation (Zhang et al., 2012).
A more detailed study of this mechanism demonstrated that
sequence-specific or basal transcription factors are required to
displace H1 during transcriptional activation (Vicent et al., 2011).
Compacted chromatin is highly dynamic and may also un-
dergo regional alterations in condensation. Chromatin structure
can be modulated by posttranslational histone modifications,
which may result either in alteration of the intrinsic properties
of chromatin or in generation of anchoring regions for structural
proteins (Taverna et al., 2007). One of the most commonly stud-
ied histone modifications related to chromatin structure is acet-
ylation. Acetylation abolishes the charge attraction between the
histones and DNA, resulting in decondensation of chromatin,
which facilitates transcription (Lu et al., 2008). Specifically, acet-
ylation of histone H4 at lysine 16 (H4K16) can interfere with DNA
fiber compaction, and acetylation at this particular site is associ-
ated with active chromatin (Shogren-Knaak et al., 2006). Struc-
tural effects that lead to fiber decondensation and increased
folding of nucleosomal arrays have been demonstrated to be
secondary to acetylation of K16 in the H4 tail (Shogren-Knaak
et al., 2006).
In this study, we investigated the relationship between PTEN
function and chromatin structure and found that loss of
PTEN leads to chromatin decondensation. Here, we show
that PTEN is involved in dynamic equilibrium of the chromatin
structure, where loss of PTEN is associated with increased
H4K16 acetylation and the open structure of active chromatin.
Conversely, physical interaction of PTEN with histone H1 serves
to maintain chromatin in a condensed status and repress the
level of H4K16 acetylation. Through this mechanism, PTEN par-
ticipates in genome-wide transcriptional regulation. Our study
demonstrates features of a PTEN pathway that mediates reset-
ting of gene expression profiles via alteration of chromatin
structure.
RESULTS
Loss of Pten Impairs Heterochromatic Distribution
of HP1a
Nuclear PTEN maintains chromosomal integrity and contributes
to the stabilization of intact centromeres in the nucleus (Shen
et al., 2007). This led us to further investigate the role of PTEN
in controlling higher-order chromatin structure. The HP1 pro-
teins, primarily HP1a, are fundamental elements of chromo-
somal architecture that are enriched in heterochromatin (Cheutin
et al., 2003) and yet are also involved in euchromatic gene
expression regulation (Kwon and Workman, 2011). Heterochro-
matic centers are highly condensed regions of heterochromatin
with repetitive tandemDNA that can be visualized by DAPI stain-
ing. To investigate potential differences in the chromatin archi-
tecture between Pten knockout (Pten/) mouse embryonic
fibroblasts (MEFs) and wild-type (Pten+/+) MEFs, we examined
HP1a and DAPI localization using immunofluorescence. In
Pten+/+ MEFs, there was punctate nuclear staining of HP1a
that showed extensive overlap with the DAPI-stained nuclear
foci. In contrast, HP1a signals in Pten/ cells exhibited several
different types of abnormalities, including complete diffusion
accompanied by similarly diffused DAPI signals (type 1), fewer2004 Cell Reports 8, 2003–2014, September 25, 2014 ª2014 The Auenlarged foci (type 2), and exclusion from DAPI-stained hetero-
chromatin (type 3; Figure 1A). Cumulative errors of HP1a foci
formation occurred in over 60% of Pten null cells (Figure 1B).
These errors may indicate abnormal chromocenter formation
or redistribution of HP1a from heterochromatic foci to a
homogenous pool, which is linked to impaired chromatin struc-
tural organization in the nucleus. There was a marked reduction
in the number of HP1a foci in the nuclei of Pten/ cells as
compared to that of Pten+/+ cells (Figure 1C). To further demon-
strate the displacement of HP1 from pericentromeric hetero-
chromatin, we performed a chromatin immunoprecipitation
(ChIP) assay to assess the binding capacity of HP1a to pericen-
tric major satellite repeats. A significant reduction in HP1a
binding to major satellite DNA was observed in Pten/ cells
as compared with wild-type cells (Figure 1D). These data
demonstrate that PTEN is important for the maintenance of
pericentromeric HP1a, which is important for normal chromatin
organization and gene silencing in constitutively heterochro-
matic regions.
Identification of Histone H1 as a PTEN-Interacting
Protein
To identify potential interacting partners of nuclear PTEN in chro-
matin regulation, FLAG-hemagglutinin (FH) tandem affinity puri-
fication was performed using nuclear extracts from HeLa cells
with ectopic FH-PTEN. Bound proteins were eluted and resolved
with SDS-PAGE. Mass spectrometry analysis of these PTEN
interacting proteins identified several subtypes of histone H1
(Figure 1E).
As our experimental results indicated PTEN is involved inmod-
ulation of chromatin architecture, we then asked if PTEN physi-
cally interacts with histone H1. As several subtypes of histone
H1 were identified by mass spectrometry, we employed two
different antibodies that recognize histone H1: a pan-histone
H1 antibody that recognizes different subtypes and a homemade
antibody that specifically recognizes the H1.2 subtype of histone
H1. To evaluate the association of PTEN with histone H1 in vivo,
lysates of HeLa cells overexpressing FH-PTEN were immuno-
precipitated with anti-FLAG then immunoblotted with anti-H1.2
antibody (Figure S1A). This assay was repeated in wild-type
MEFs and DLD-1 human colorectal adenocarcinoma cells, and
in both these assays, PTEN was found to interact with histone
H1 in vivo (Figures 1F, 1G, S1B, and S1C). In vitro assay also
confirmed a direct interaction between PTEN and histone H1
(Figure 1H).
PTEN Interacts with the Histone H1 C-Terminal Region
The physical association between PTEN and histone H1 was
subsequently evaluated by immunofluorescence and confocal
microscopy. We observed overlap of PTEN (red) and histone
H1 (green) signals (Figure 2A), illustrating that a significant
portion of nuclear PTEN may colocalize with histone H1. In addi-
tion, PTEN interacted with histone H1 in a dose-dependent
manner (Figure 2B). To determine whether PTEN phosphatase
activity is required for the interaction of PTEN and histone H1,
an in vitro binding assay comparing purified wild-type PTEN
and a phosphatase-dead PTEN mutant (C124S) was carried
out with purified histone H1. Histone H1 interacted equally wellthors
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Figure 1. PTEN Regulates HP1a Hetero-
chromatic Distribution and Is Physically
Associated with Histone H1
(A) Pten+/+ and Pten/ MEFs were subjected to
immunofluorescent staining for HP1a. DNA was
counterstained with DAPI. The selected cell was
magnified and foci of HP1a or DAPI are also shown
in both color and inverted grayscale. In Pten+/+
cells, HP1a exhibited a speckled pattern confined
to DAPI-dense heterochromatic regions, while
three types of abnormal HP1a distribution were
found in the nucleus of Pten/ cells as indicated.
Type 1, complete diffusion of HP1a and DAPI; type
2, fewer (<10) enlarged foci of HP1a and DAPI; and
type 3, HP1a diffusion with relative retention of
DAPI foci.
(B) Stacked column chart illustrating the propor-
tion of cells with different abnormalities of het-
erochromatic distribution in Pten+/+ and Pten/
MEFs.
(C) HP1a and DAPI foci were counted in randomly
selected Pten+/+ and Pten/ cells (n = 100; ***p <
0.001).
(D) ChIP-qPCR analysis of HP1a binding to major
satellite repeats. A nonspecific antibody (NS) was
used as a control. **p < 0.01; n.s., no significance.
(E) Identification of histone H1 as a PTEN-associ-
ated protein by a FLAG-HA-PTEN pull-down
assay.
(F and G) Reciprocal immunoprecipitation and
immunoblotting of Pten and histone H1 in Pten+/+
MEFs.
(H) In vitro binding assays using purified His-his-
tone H1 andGST-PTEN proteins. GST, glutathione
S-transferase.
See also Figure S1.with both wild-type and phosphatase-dead PTEN (Figure 2C),
indicating that PTEN interaction with histone H1 is phosphatase
independent. To further confirm this observation, FLAG-tagged
histone H1.2 was incubated with full-length PTEN, the PTEN N
terminus, or the PTEN C2 domain for binding assays. Interest-
ingly, histone H1 bound to full-length PTEN and to the PTEN
C2 domain, but not to the N terminus, indicating that this interac-
tion is mediated by the C2 domain (Figure 2D). Since the PTEN
phosphatase domain is in its N-terminal region, these results
argue that the PTEN-histone H1 interaction is independent of
PTEN phosphatase activity.Cell Reports 8, 2003–2014, SepTo map the PTEN-binding domain of
histone H1, three FLAG-tagged peptide
segments of histone H1.2 spanning
amino acids 1–36 (N terminus), 37–110
(globular domain), and 111–213 (C termi-
nus) (Figure 2E) were expressed in 293T
cells. Cell lysates were incubated with
His-tagged full-length PTEN on nickel-
nitrilotriacetic acid (Ni-NTA) beads.
Immunoblotting of the Ni-NTA-bound
elutes with an anti-FLAG showed that
only the C terminus of H1 interacted
with PTEN (Figure 2E), suggesting thatthe PTEN-related function with histone H1 resides in the
C-terminal region.
PTEN Controls H1 Dynamic Motility on Chromatin and
Higher-Order Chromatin Structure
The C terminus of histone H1 is critical for high-affinity binding to
chromatin (Hendzel et al., 2004). This led us to askwhether PTEN
affects the binding of histone H1 to chromatin. To answer this
question, a salt extraction assay was used to investigate the as-
sociation of histone H1 with chromatin in the presence and
absence of PTEN. As shown in Figure 3A, the amount of histonetember 25, 2014 ª2014 The Authors 2005
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A Figure 2. PTEN Physically Interacts with the
C-Terminal Region of Histone H1
(A) Confocal microscopy showing merged signals
(yellow) of Pten (red) with histone H1 (green) in
Pten+/+ MEFs. Pten/ cells were included as a
control.
(B) Glutathione S-transferase (GST)-tagged PTEN
was purified and incubated with increasing doses
of purified His-H1.2 for in vitro detection of their
direct association.
(C) His-tagged wild-type PTEN and a phospha-
tase-deficient PTEN mutant C124S were purified
prior to incubation with an equal amount of acid-
extracted native histones for detection of PTEN-
bound histone H1.
(D) In vitro binding assay with FLAG-tagged full-
length histone H1 and His-tagged different do-
mains of PTEN as indicated. The domain structure
of PTEN is given above the data.
(E) Different domains of histone H1.2 with a FLAG
tag were used for in vitro binding assay with His-
tagged full-length PTEN. The diagram above the
data shows different domains of histone H1.2.H1 extracted with buffers containing 50–250 mM NaCl was
much greater for nuclei isolated from Pten/ cells than for those
isolated fromPten+/+ cells. This observationwasconfirmed in two
independent PTEN-deficient systems, MEFs and DLD-1 cells
(Figures 3A and S2A), in which loss of PTEN resulted in dimin-
ished binding of histone H1 to chromatin. Further sequential
chromatin fractionation revealed that in the absence of Pten,
chromatin-bound histone H1 was reduced whereas the
soluble nuclear fraction contained a higher level of histone H1
(Figure 3B). These data indicate that Pten deletion results in
redistribution of histone H1 and the removal of histone H1 from
chromatin. A concomitant alteration of HP1a distribution was
also observed, in which PTEN depletion reduced chromatin-
bound HP1a (Figure 3B). These data illustrate the importance of
PTEN in maintaining chromatin enrichment of both histone H1
and HP1a.2006 Cell Reports 8, 2003–2014, September 25, 2014 ª2014 The AuthorsWe also noticed that loss of Pten
reduced not only the amount of HP1a
bound to chromatin (Figure 3B) but also
the amount of HP1a associated with his-
tone H1 (Figure 3C). These results imply
thatPTENmaintainsanH1-HP1acomplex
onchromatin, and in theabsenceof PTEN,
this complex dissociates from chromatin
and these proteins dissociate from each
other. It is reported that NPM1 is a histone
H1chaperone (Gadadet al., 2011) andcan
modulate histone H1 transport and dy-
namics in the nucleus. Interestingly, Pten
deletion increased the association of his-
tone H1 with its chaperone, NPM1 (Fig-
ure 3C). These data suggest that induced
formation of the H1-NPM1 complex in
Pten-deficient cells leads to dissociation
of both molecules from chromatin.The dynamic binding properties of histone H1 to chromatin
in vivo can regulate higher-order chromatin structure (Contreras
et al., 2003; Misteli et al., 2000). It has generally been recognized
that GFP-H1 may serve as an indicator for chromatin plasticity
(Meshorer et al., 2006). We therefore used this well-character-
ized GFP fusion protein combined with photobleaching to
examine the dynamic binding affinity of histone H1 to chromatin
in vivo. GFP-H1 was transiently expressed in both Pten+/+ and
Pten/ MEFs. The overall recovery kinetics of GFP-H1 in
Pten/ nuclei was found to be significantly faster than recovery
in Pten+/+ cells (Figure 3D), which was reversible by ectopic
PTEN (Figure S2B). These observations indicate that PTEN can
regulate the dynamic motility of H1 in vivo.
In order to determine whether absence of PTEN alters the
overall level of chromatin condensation, we evaluated the
chromatin condensation status using the micrococcal nuclease
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Figure 3. PTENModulates Dynamic Motility
of Histone H1 in Chromatin, and Loss of
Pten Leads to Chromatin Decondensation
(A) Increasing concentrations of NaCl was used to
extract nuclei from Pten+/+ and Pten/ MEFs,
followed by quantification of histone H1 and Npm1
released from nucleosomes. Lamin B was used to
confirm equal protein loading in each pair of
samples.
(B) A sequential cell fractionation procedure was
used to separate cytoplasmic, nuclear-soluble,
and chromatin fractions prior to immunoblot
analysis of indicated protein molecules in PTEN+/+
and PTEN/ cells.
(C) Coimmunoprecipitation of histone H1 with
Hp1a and Npm1 in Pten+/+ and Pten/ MEFs.
(D) FRAP analysis of GFP-histone H1 in Pten+/+
and Pten/MEFs (n = 15). Bright GFP-H1 regions
in the nucleus were selected for photobleaching
and recovery observation. Data are presented as
mean ± SEM. *p < 0.05.
(E) Chromatin accessibility assessed by sensitivity
tomicrococcal nuclease (MNase) digestion. Nuclei
from Pten+/+ and Pten/ MEFs were prepared
and digested with 0.2 U/ml MNase for increasing
periods of time. The MNase digestion profile is
shown with mono-, di-, and trinucleosomal re-
peats as indicated.
(F) Dose-dependent MNase digestion pattern of
the chromatin from Pten+/+ and Pten/ MEFs.
See also Figure S2.(MNase) assay. MNase preferentially cleaves the linker regions
between nucleosomes, and an open chromatin structure is
consequently more readily cleaved than a closed chromatin
structure. When digested with MNase over a time course or
with increasing concentrations of MNase, nuclei prepared from
Pten/ cells showed much greater sensitivity to digestion than
those from Pten+/+ cells (Figures 3E and 3F), suggesting that
the linker regions in PTEN-deficient cells were more accessible
and therefore the chromatin was less condensed overall. This
digestion profile was also observed in DLD-1 cells with PTEN
deletion (Figures S2C and S2D). These results indicate that
PTEN impacts the global structure of chromatin. Taken together
with the previously observed interaction of PTEN and histone H1,
these findings raise the possibility that PTEN acts cooperatively
with histone H1 in chromatin organization.
PTEN Represses Global Acetylation Levels of H4K16
Acetylation adds negative charge to nucleosomes and thus
loosens chromatin fibers, resulting in overall chromatin decon-
densation (Clayton et al., 2006). We therefore sought toCell Reports 8, 2003–2014, Sepdetermine whether the chromatin decon-
densation observed in Pten/ cells is
associated with an increase in histone
acetylation. Multiple site-specific acetyla-
tion antibodies against either histone H3
or H4 were used to screen for changes in
acetylation status in Pten-null cells. We
observeda significant inductionof histoneH4acetylationonly atK16 (FigureS3A). AcetylationofH4K16pre-
vents condensation of nucleosome arrays into chromatin fibers,
and this modification is a marker for transcriptionally active chro-
matin (Akhtar and Becker, 2000; Shogren-Knaak et al., 2006).
As the amount of histone H1 released from chromatin in-
creaseswith higher concentrations of NaCl, lysis buffers contain-
ing various concentrations of NaCl were used to collect lysates
for immunoblotting of H4K16 acetylation. Lysates prepared
with higher NaCl concentrations (400 mM) allowed greater
release of core histones into the lysate. Consistent with our re-
sults using whole-cell extracts (Figure S3A), lysates prepared
with 100 and 400 mM NaCl both showed stronger H4K16 acety-
lation signals in PTEN null cells than that in PTEN wild-type cells
(Figures 4A and S3B). However, H3K27 acetylation signals re-
mained the same. Trichostatin A (TSA) is a histone deacetylase
inhibitor that causes a general increase in acetylation and affects
chromatin structure by inducing global histone hyperacetylation
(Marks et al., 2001; Yoshida et al., 1995). When MEFs were
treated with TSA to increase H4K16 acetylation levels, the pres-
ence of Pten was still capable of offsetting the effect of TSA andtember 25, 2014 ª2014 The Authors 2007
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Figure 4. Loss of PTEN Induces Acetylation
of Histone H4 at K16, whereas Enforced
H4K16 Acetylation Impairs PTEN-H1 Inter-
action
(A) Evaluation of acH4K16 and acH3K27 levels in
low-salt and high-salt extractions fromPten+/+ and
Pten/ MEFs.
(B) Chromatin-associated Hp1a, Mof, and
acH4K16 were evaluated in Pten+/+ and Pten/
MEFs. Soluble and chromatin fractions were
prepared and subjected to western blotting with
antibodies to indicated proteins.
(C) Human DLD-1 cells were treated with 2.5 mg/ml
TSA for 12 hr prior to immunoblot analysis of
chromatin-bound H1 and HP1a.
(D) The association between PTEN and histone H1
was examined in DLD-1 cells with and without TSA
treatment.
(E) Pten+/+ MEFs were transfected with wild-type
histone H4 or an acetylation-mimicking mutant,
K16Q, followed by PTEN immunoprecipitation and
subsequent detection of histone H1.
See also Figure S3.reducing acetylation to some extent (Figure S3C). These data
demonstrate that PTEN depletion alters the acetylation status
of histone H4 and induces H4K16 acetylation.
Histone acetylation is highly dynamic and is generally regu-
lated by the opposing action of two families of enzymes: histone
acetyltransferases and histone deacetylases (Bannister and
Kouzarides, 2011). As our experimental observations indicated
that PTEN prevents histone acetylation, we elected to explore
the mechanism by which this occurs. The global enhancement
of H4K16 acetylation associated with decreased levels of
PTEN led us to consider the possibility PTEN complexes with a
particular histone deacetylase. The major H4K16-specific his-
tone acetyltransferase is MOF, which has high substrate speci-
ficity for H4K16 (Gupta et al., 2008). MOF is a component of a
multisubunit histone acetyltransferase complex that is respon-
sible for most of the histone H4 acetylation at lysine 16 in
mammalian cells (Dou et al., 2005; Smith et al., 2005). Since
MOF is both necessary and sufficient for H4K16 acetylation in
mammals (Dou et al., 2005; Li et al., 2012), it is possible that
PTENmight affect the loading of MOF on histone H4 with conse-
quent changes in the level of H4K16 acetylation. A comparison of
the expression patterns of MOF in Pten+/+ and Pten/ cells
showed no significant difference in its mRNA or protein levels
(data not shown). MOF binding on chromatin, which is closely
correlated with the H4K16 acetylation level (Lu et al., 2010),
was then evaluated by a chromatin retention assay. As ex-
pected, chromatin-bound MOF was elevated in Pten/ cells
(Figure 4B), and at the same time, chromatin-bound acH4K16
was increased in Pten/ cells. These data suggest that PTEN
may prevent MOF from acetylating H4K16 on chromatin.2008 Cell Reports 8, 2003–2014, September 25, 2014 ª2014 The AuthorsH4K16 Hyperacetylation Impairs
Histone H1 Loading on Chromatin
and PTEN-H1 Association
In order to obtain a comprehensive un-
derstanding of PTEN function in regu-lating molecular events involved in chromatin condensation,
we designed experiments to delineate the interrelationship be-
tween PTEN-H1 interaction and H4K16 acetylation. We first as-
sessed whether and how H4K16 acetylation status may affect
the PTEN-H1 interaction as well as the chromatin enrichment
of both H1 and HP1a. Global histone acetylation was induced
by TSA treatment or H4K16 hyperacetylation was mimicked
using a mutant protein. First, we evaluated the levels of chro-
matin-bound H1 and HP1a in response to TSA treatment. As
shown in Figure 4C, TSA greatly increased H4K16 acetylation
and consequently diminished chromatin-bound H1 and HP1a.
Next, we analyzed PTEN-H1 interaction and found that TSA
treatment dramatically diminished the association of PTEN
with histone H1 (Figure 4D). In a similar manner, overexpression
of an acetylation-mimicking H4 mutant K16Q significantly
reduced PTEN-H1 interaction (Figure 4E). These results indicate
that H4K16 hyperacetylation impairs the interaction of PTENwith
histone H1.
Regulation of H4K16Acetylation andChromatin Loading
of HP1a Is Independent of PTEN Phosphatase Activity
The binding region of PTENwith histone H1mapped to the C ter-
minus of PTEN (Figure 2D), and a phosphatase-dead PTEN
mutant, C124S, can bind histone H1 in vitro (Figure 2C). We
next sought to determine whether the phosphatase activity of
PTEN is required for regulating chromatin association of
acH4K16 and HP1a. We found that both wild-type PTEN and
the phosphatase-deficient C124S mutant increased chromatin
loading of HP1a (Figure S4A). In agreement with these observa-
tions, both wild-type PTEN and the C124S mutant were able to
restore HP1a heterochromatic foci formation (Figure 5A). We
have shown that loss ofPtenmay induce NPM1-mediated disso-
ciation of histone H1 from chromatin (Figures 3B and S3A).
Therefore, PTEN maintains the chromatin association of histone
H1 by blocking the H1-NPM1 interaction. We found that wild-
type PTEN and the phosphatase-deficient C124S mutant were
equally capable of reducing theH1-NPM1 interaction (Figure 5B).
In addition, PTEN suppressed the levels of chromatin-bound
MOF and acH4K16 in a phosphatase-independent manner
(Figure 5C).
Deletion of the Pten C Terminus Reduces HP1a
Chromatin Loading and Induces H4K16 Acetylation,
Leading to Chromatin Decondensation
Although both wild-type PTEN and the C124S mutant were
able to suppress H4K16 acetylation as well as to elevate
HP1a expression and restore HP1a foci, a PTEN mutant lacking
the C terminus failed to do so (Figures 5D and S4B), indicating
that the PTEN C-terminal region plays an indispensable role.
In order to further determine the importance of the PTEN
C-terminal region in histone modification and chromatin organi-
zation, we have recently generated a mouse strain with
heterozygous deletion of the Pten C terminus (Pten+/DC) (Sun
et al., 2014). MEFs were isolated from Pten+/DC and Pten+/+ em-
bryos and used for evaluation of the capacity of PTEN binding
to histone H1, chromatin accessibility, and chromatin associa-
tion of HP1a, MOF, and histone H4. We found that C-terminal-
deleted Pten was less able to interact with histone H1 as
compared with wild-type Pten (Figure 5E). A salt extraction
assay revealed elevated chromatin dissociation of histone H1
in Pten+/DC MEFs (Figure 5F), similar to previous observations
in Pten/ cells (Figure 3A). In addition, chromatin-bound
MOF and acH4K16 were greatly induced in Pten+/DC cells as
compared with that in Pten+/+ cells (Figure 5G). Interestingly,
Pten C-terminal deletion dramatically reduced the level of
HP1a associated with chromatin (Figure 5G), in agreement
with observations in the Pten depletion system (Figures 3B
and 4B). This phenomenon was further confirmed by immu-
nofluorescence data that indicated Pten+/DC cells exhibited
diffuse HP1a signals with much less intensity (Figure 5H).
Pten C-terminal deletion also resulted in an elevation of H1-
NPM1 interaction (Figure S4C). As a consequence, chromatin
became more accessible to MNase digestion (Figures 5I and
5J), in a manner similar to that observed in Pten null cells.
These data suggest that the C-terminal region of PTEN is
responsible for histone-chromatin interplay and chromatin
condensation, which may account for the broad spectrum of
PTEN biological function.
PTEN Modulates Gene Transcription Profiling through
Regulation of H1 and acH4K16 Accessibility to Gene
Promoters
Histone H1 is a structural component of chromatin, and its
depletion is associated with a less condensed chromatin sta-
tus. As such, PTEN loss may give rise to an open chromatin
structure and presumably thus lead to alterations of the gene
expression profile. Previous studies of Pten/ MEFs have in
fact shown that the absence of PTEN alters gene expressionCell Re(Carver et al., 2011; Li et al., 2006b; Mulholland et al., 2012; Vi-
vanco et al., 2007). However, it is unknown whether PTEN
C-terminal deletion may also alter the gene expression profile.
We therefore took advantage of MEFs lacking the Pten C termi-
nus for microarray analysis and found large-scale changes in
global gene expression profiles. Interestingly, over 70% of
the total differentially expressed genes were upregulated, and
the percentage was even higher when only counting those
with greater than 2-fold induction by Pten C-terminal deletion
(Figure S5A). These data suggest that chromatin is less
compact in cells lacking functional Pten, leading to overall acti-
vation of gene transcription. In order to examine how these
affected genes reflect a global alteration of chromatin organiza-
tion, we mapped both upregulated and downregulated genes
on each chromosome (Figure S5B). Although regional clusters
formed by genes in one direction versus the other, these differ-
entially expressed genes interspersed throughout the genome.
These observations illustrate that regional depletion of Pten C
terminus caused a global alteration of the gene transcription
profile.
Microarray analysis was repeated in two pairs of MEFs,
including Pten+/DC and Pten/, to compare them with their
counterpart control cells. Combined data confirmed the domi-
nant upregulation of gene transcription, as indicated in volcano
plot and heatmap (Figures 6A and 6B). Through use of Ingenuity
Pathways Analysis (Ingenuity Systems; http://www.ingenuity.
com), we chose a number of commonly upregulated genes for
verification. These included the oncogenes Kras, Braf, and
Akt1; survival factors Bcl2 and Nfkb2; estrogen receptor Esr1,
as well as tumor invasive factor Cd44 (Table S1). As shown in
Figures 6C, 6D, and S6A, the expression of multiple genes was
elevated in PTEN/, Pten/, and Pten+/DC cells as compared
to that in their counterpart control cells. These results indicate
that PTEN affects gene expression patterns, likely through its
C-terminal region.
Based on our observation of the reduction of histone H1
incorporation in chromatin and induction of H4K16 acetylation
in PTEN null cells, we propose that these changes may influ-
ence gene transcriptional regulation. We used histone H1 and
acH4K16 antibodies to evaluate their promoter occupancy.
Two upregulated genes confirmed by RT-PCR, BCL2 and
CD44, were selected for assay by ChIP. PTEN deletion reduced
the ability of histone H1 to bind the promoters of BCL2 and
CD44, whereas occupancy of acH4K16 on the promoters of
these two genes was increased in PTEN/ cells (Figures 6E
and 6F). The upregulation of Cd44 was confirmed in both
Pten/ and Pten+/DC cells (Figure S6B). Interestingly, PTEN
depletion also reduced occupancy of HP1a and H3K9me3,
on the CD44 promoter (Figure S6B), suggesting that transcrip-
tion upregulation observed in PTEN-deficient cells may be
attributed to release of the HP1a/H2K9me3 repressive marks
from gene promoters. Moreover, we found a significant in-
crease of MOF bound to the gene promoter (Figure S6D),
whereas knockdown of Mof in Pten null cells partially reversed
gene transcriptional upregulation (Figure S6E). Altogether,
these data demonstrate a functional interplay between histone
H1 and H4K16 acetylation in transcriptional regulation of PTEN
target genes.ports 8, 2003–2014, September 25, 2014 ª2014 The Authors 2009
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Figure 5. PTEN Promotes Chromatin Association of Histone H1 and Suppresses H4K16 Acetylation in a C Terminus-Dependent, but
Phosphatase-Independent, Manner
(A) Pten/MEFs transfected with PTEN or a phosphatase-deficient mutant C124Swere immunofluorescent stained for HP1a. Numbers of nuclear HP1a foci are
summarized in the graph (n = 53). ***p < 0.001.
(B and C) Pten/ MEFs transfected with wild-type PTEN and a phosphatase-deficient PTEN mutant (C124S) were subjected to evaluation of H1-Npm1 as-
sociation (B) and chromatin-bound Mof and acH4K16 (C).
(D) HP1a expression and H4K16 acetylation were examined in Pten/MEFs transfected with wild-type full-length PTEN, the phosphatase-dead C124S mutant,
and a truncated PTEN with C-terminal deletion, PTEN.DC.
(E) MEFs isolated frommouse embryo with heterozygous Pten C-terminal deletion (Pten+/DC) and a wild-type control embryo (Pten+/+) were used for evaluation of
PTEN-H1 interaction by PTEN immunoprecipitation and histone H1 immunoblotting.
(F–J) Pten+/+ and Pten+/DCMEFswere subjected to salt extraction assay for examination of histone H1 retention andH4K16 acetylation (F), chromatin association
of Mof, acH4K16 and Hp1a (G), immunofluorescent staining of HP1a (H), and MNase sensitivity (I and J).
See also Figure S4.
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Figure 6. Deletion of PTEN or Pten C Termi-
nus Alters Gene Expression Profiles and
Impacts the Interplay of H1 and acH4K16
Occupancy on Gene Promoters
(A and B) Two pairs of MEFs (Pten+/+ and Pten/;
Pten+/+ and Pten+/DC) were used for microarray
analysis. Data were combined and processed in
volcano plot (A) and heatmap (B) to show signifi-
cantly altered genes (p < 0.05) in cells lacking Pten
or its C terminus. FC, fold change.
(C and D) Quantitative PCR (qPCR) analysis of
Pten-regulated genes in two cell systems:
PTEN+/+ and PTEN/ DLD-1 cells (C) and Pten+/+
and Pten+/DC MEFs (D).
(E and F) ChIP-qPCR analysis of nonspecific
antibody, histone H4, histone H1, and acH4K16
occupancy on the BCL2 and CD44 promoters in
PTEN+/+ and PTEN/ cells. Data are normalized
and presented as mean ± SEM. *p < 0.05, **p <
0.01, ***p < 0.001.
See also Figures S5 and S6 and Tables S1 and S2.DISCUSSION
Regulation of the chromatin structure is a complex process,
which is shaped by a broad range of epigenetic modifications
including histone acetylation. In this study, we describe a previ-
ously unrecognized PTEN function, wherein PTEN acts to alter
chromatin structure and plays a role in epigenetic regulation.
We demonstrate that PTEN interacts with histone H1 in vivo
and in vitro. These two molecules act cooperatively to repress
H4K16 acetylation and to maintain chromatin condensation as
well as heterochromatic occupancy of HP1a. This mechanism
appears to be a part of the cellular machinery that controls
gene expression profiles through regulation of DNA accessibility
and hierarchical levels of chromatin organization.
In this study, PTEN deletion resulted in chromatin deconden-
sation. Increases in chromatin sensitivity to MNase and suscep-
tibility to histone extraction associated with PTEN deletion were
too pronounced to be explained by changes at specific gene lociCell Reports 8, 2003–2014, Sepalone, and this PTEN-associated mecha-
nism thus appears to be global in its
effect on chromatin. Both histone H1
occupancy and H4K16 deacetylation
contribute to chromatin compaction
(Robinson et al., 2008). Histone H1 mod-
ulates higher-order chromatin structure
in vitro by stabilizing the interaction of nu-
cleosomes and chromatin fibers (Catez
et al., 2004; Phair et al., 2004). H4K16
acetylation inhibits the formation of
compact 30-nm-like fibers and thus rep-
resents active chromatin (Shogren-
Knaak et al., 2006). Although most of
the previous research in this area has
been conducted in model organisms
such as Tetrahymena and Drosophila, in
this study, we have demonstrated that
this model also applies in mammaliancells. Our data demonstrate that PTEN controls higher-order
chromatin structure not only through stabilization of linker
histone H1 on chromatin but also through suppression of core
histone acetylation. It is important to note that H4K16 hyperace-
tylation and PTEN-H1 dissociation may constitute a positive
feedback regulation that facilitates accumulation of errors in his-
tone loading and modification, leading to deterioration of chro-
matin architecture. H4K16 acetylation induced by disruption of
PTEN may further disrupt PTEN interaction with histone H1,
creating a highly open chromatin structure accessible for gene
expression. This discovery provides a mechanistic link between
PTEN and epigenetic modification of chromatin.
Transcription regulation is a major regulatory mechanism in
the hierarchy of the machinery that controls a cell. For example,
p53 tumor suppressor acts as a transcription factor that regu-
lates the transcription of a large number of downstream genes
involved in critical cellular functions (Beckerman and Prives,
2010). As a tumor suppressor with a similar potency, PTEN hastember 25, 2014 ª2014 The Authors 2011
also been found to be important in controlling a wide range of
cellular and physiological activities, such as chromosome stabil-
ity andmetabolism (Song et al., 2012; Yin and Shen, 2008). PTEN
is also essential for embryonic development (Di Cristofano et al.,
1998; Suzuki et al., 1998). To better understand how PTEN con-
trols multiple fundamental biological processes, research efforts
have beenmade to explore PTEN functions beyond its phospha-
tase activity. Previous studies using microarray analysis have re-
vealed alteration of gene expression profiles following changes
in PTEN status (Carver et al., 2011; Hong et al., 2000; Li et al.,
2006b; Matsushima-Nishiu et al., 2001; Mulholland et al., 2012;
Vivanco et al., 2007). However, there has been no explanation
for how PTEN controls gene expression at the transcription level.
Our study provides a mechanism underlying PTEN function in
gene transcription modulation through interplay with histones
and chromatin. Unlike canonical transcription factors, PTEN
regulates global profiles of gene transcription. Instead of binding
to specific gene promoters, PTEN physically interacts with his-
tone H1 and maintains a condensed chromatin status and
HP1a enrichment, thus suppressing gene transcription. In addi-
tion, PTEN can also repress gene transcription through inhibition
of H4K16 acetylation, as loss of PTEN results in elevation of
acH4K16 that opens chromatin structure for transcription. Our
findings significantly expand upon the current view of PTEN
function in hierarchical control of fundamental biological pro-
cesses and help us understand the potency of PTEN in embry-
onic development and tumor suppression.
We have previously demonstrated that PTEN maintains
centromere stability (Shen et al., 2007). Results in this study
corroborate these earlier findings by providing additional evi-
dence that PTEN maintains the integrity of heterochromatin.
Impaired heterochromatic HP1a foci formation and elevated
kinetics of histone H1 exchange in the nuclei of Pten/ cells
account for chromatin decondensation, and these are potential
causes of genomic instability. Therefore, PTEN function in
tumor suppression may be attributed to its combined role in
maintaining chromosomal stability and equilibrium of chromatin
dynamics as well as in regulation of epigenetic modification of
chromatin.
Structural maintenance and functional regulation of chromatin
domains involve dynamic motility and activity of chromatin-
bound proteins. We provide evidence that PTEN governs chro-
matin structure by modulating chromatin-binding capacities
and dynamics of proteins important for chromatin architecture,
which ultimately influences gene transcription. We therefore
propose that PTEN functions as a transcriptional repressor
and PTEN modulates gene transcription through histone code
editing and chromatin remodeling. Epigenetic alterations and
chromatin remodeling play a vital role in both embryonic devel-
opment and tumorigenesis, and our findings suggest this mech-
anism likely contributes to PTEN function in these processes.
Our data represent a significant contribution to better under-
standing of the diverse function of PTEN in development and
tumor suppression, which paves the way for further investigation
of PTEN function in editing histone code and remodeling chro-
matin status. Our findings also suggest that global transcription
deregulation secondary to PTEN loss or mutation may be a sig-
nificant driving force in tumor development.2012 Cell Reports 8, 2003–2014, September 25, 2014 ª2014 The AuEXPERIMENTAL PROCEDURES
Affinity Purification of PTEN Protein Complex and Mass
Spectrometry
Nuclear extracts were prepared from HeLa cells transfected with an empty
plasmid or a plasmid with FLAG-hemagglutinin (HA)-tagged PTEN. After in-
cubation with M2 anti-FLAG resin (Sigma-Aldrich) and sequential wash,
FLAG-HA-PTEN complex was then eluted by 3xFLAG peptide. Elutes were
combined and concentrated for SDS-PAGE and silver staining. Visible pro-
tein bands were excised from the gel and subjected to mass spectrometric
analysis.
Micrococcal Nuclease Sensitivity Assay and Salt Extraction
Analyses
The micrococcal nuclease sensitivity assay and salt extraction analysis of
chromatin were performed essentially as described previously (Kinkley et al.,
2009; Kishi et al., 2012; Wu et al., 2011). The reactions were performed with
different time points or increasing concentrations of MNase and quenched
by adding EDTA. For salt extraction analysis, pelleted nuclei were resus-
pended in buffer A (0.32 M sucrose, 15 mM HEPES [pH 7.9], 60 mM KCl,
2 mM EDTA, 0.5 mM EGTA, 10% glycerol [v/v]) and incubated at 4C for
30 min with various concentrations of NaCl.
Immunofluorescence and Confocal Microscopy
Exponentially growing cells were fixedwith 4% formaldehyde in PHEM (60mM
Pipes, 25mMHEPES, 10mMEGTA, and 2mMMgCl2 [pH 6.9]) and permeabl-
ized for immunostaining with specified antibodies. Images were acquired
using a laser scanning confocal microscope (Zeiss 510 LSM). HP1a hetero-
chromatic localization was quantified by manually counting HP1a foci in
z-stacked fluorescence images of 50–100 randomly chosen cells from at least
two independent experiments.
FRAP
Fluorescence recovery after photobleaching (FRAP) experiments were per-
formed as previously described (Kishi et al., 2012; Melcer et al., 2012; Nis-
sim-Rafinia and Meshorer, 2011). Live-cell microscopy was performed at
37C with a Leica SP5 inverted confocal microscope with a 488 nm argon
laser line and a 633 objective. Scanning was bidirectional at the highest
possible rate with a 143 zoom and a pinhole of 1 airy unit. Regions of
interest (ROIs) were selected from bright GFP-H1 regions in the nucleus,
and five single prebleach images were acquired before application of two
iterations of bleach pulses. After bleaching, single-section images were
then collected at 2 s intervals for 60 s. The bleached area was a square
with 1,212 pixels. Completeness of bleaching in three dimensions was
confirmed by inspection of image stacks of fixed cells. All recovery and
loss curves were generated from background-subtracted images. The fluo-
rescence signal measured in the ROI was singly normalized to the prebleach
signal. FRAP in an in vitro culture was calculated as R = (It  Ibg)/(Ib Ibg),
where Ib is the average intensity in the ROI before bleaching, It is the average
intensity in the region of interest at time point t, and Ibg is the background
signal determined in a region outside of the cell nucleus. Given that the
bleaching efficiency in FRAP analysis in slice culture was different between
the cells because of the differing depths from the sliced surface, the intensity
in the ROI immediately after bleaching was normalized to 0. Data were
analyzed by repeated-measures ANOVA and are represented as mean ±
SEM at each time point.
Chromatin Fractionation and Retention Assay
Sequential chromatin fractionation was performed as described previously
(Me´ndez and Stillman, 2000). Cytosolic, nuclear-soluble, and chromatin frac-
tions were then subjected to western analysis of H1, HP1a, and PTEN. For
the chromatin retention assay, cells were lysed with NETN-100 buffer
(20 mM Tris-HCl [pH 8.0], 100 mM NaCl, and 1 mM EDTA, 0.5% Nonidet
P-40). Soluble fractions were collected by centrifugation, and the pellets
were washed followed by treatment with 0.2MHCl to release histones or chro-
matin-bound proteins.thors
Chromatin Immunoprecipitation
ChIP assays were performed as described previously (Shen et al., 2007).
Chromatin-immunoprecipitated DNA fragments were column-purified for
quantitative PCR (qPCR) analysis (primers provided in Table S2) on an
Applied Biosystems 7500 Real-Time PCR system. For statistical analysis,
unpaired and two-tailed t tests were performed with a 95% confidence
interval.
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